poral processing contribute to odor discrimination, and required 70-100 ms more time to discriminate highly on which timescale temporal processing works in similar binary mixtures. We conclude that odor dismammals. crimination in mice is fast and stimulus dependent.
Student's t tests), group 1 was tested with the monomolecular odor pair amyl acetate (AA; 1%) versus ethyl butyrate (EB; 1%), and group 2 was tested with binary mixtures (0.6% AA ϩ 0.4% EB versus 0.4% AA ϩ 0.6% EB). Acquisition took longer for group 2 than for group 1 (interaction F 5,95 ϭ 9.2; p Ͻ 10 Ϫ6 ; two-way ANOVA), final performance was indistinguishable in both groups (p Ͼ 0.7; Mann-Whitney). (Bottom) Same as top experiment except that a novel group of seven naive mice were first trained on a "no odor" condition (using the carrier medium mineral oil both as Sϩ and SϪ stimulus) and subsequently on the mixture discrimination task and finally again on the "no odor" condition. (C) Unintended cues do not affect discrimination task. Indistinguishable performance in the 20 trials before and after switching to completely new odor lines (p Ͼ 0.7; paired Student's t test; six mice and three switches for each animal). A small jitter is introduced to allow visibility of individual data points. Error bars reflect SD. Note the enlarged y scale compared to (B). systems and the common proposition that the "unused" Results temporal domain could encode information about quality and quantity of the sensory stimulus (Freeman, 1981;  Accurate Discrimination of Highly Similar Binary Mixtures Laurent et al., 1996, 2001; Laurent, 1999). To assess which mechanisms are essential for the discrimination of simiOdor discrimination was examined by training mice on a go/no-go operant conditioning task to distinguish simlar odors in higher vertebrates, we investigated discrimination times in mice trained on odor pairs of varying ple odors or binary mixtures of odors ( Figure 1A ; see Experimental Procedures). Naive animals acquired a basimilarity as judged by imaging experiments using intrinsic signals and voltage-sensitive dyes. We found that sic discrimination task, for example, distinguishing the rewarded (Sϩ) odor cineol from the unrewarded (SϪ) mice can discriminate simple odor pairs with high accuracy in less than 200 ms. Even very similar stimuli were odor eugenol, within 600 trials with their performance stabilizing at more than 95% correct responses (Figure discriminated with high accuracy, but at the expense of speed: an additional time of 70-100 ms was required to 1B). Acquisition of a second basic discrimination task (amyl acetate [AA] versus ethyl butyrate [EB]) was faster, discriminate closely related odor mixtures. We conclude that the olfactory system can rapidly discriminate disand steady-state performance was reached within only 300 to 400 trials ( Figure 1B , black curve). If this discrimisimilar odors; thus neuronal mechanisms that are involved need only a short epoch of odor-specific spatiotemporal nation task consisted of binary mixtures with similar ratios (0.4% AA ϩ 0.6% EB versus 0.6% AA ϩ 0.4% representations to achieve rapid discrimination of dissimilar odors. However, temporal integration is needed to dis-EB), designed to produce highly similar stimuli, acquisition took longer, but nevertheless animals reached a criminate highly similar odors. 
test). No learning was
Rapid Discrimination of Simple Odors After demonstrating that mice could reliably discrimiobserved when the same experimental protocol was carried out in the absence of odors, demonstrating the nate even highly similar odor mixtures, we determined the time required to make such highly accurate decicontiguity of learning and the odors used and thus the integrity of the olfactometer ( Figure 1B, bottom) . Hence, sions. Figure 2A summarizes the experimental procedure that was used to determine odor discrimination mice can discriminate simple odors as well as highly similar binary mixtures with close to maximum accuracy.
times (see Experimental Procedures). We took advantage of the fact that trained mice consistently retracted To further test if mice utilized unintended cues, such as clicking sounds of valves, chemical contamination in their heads when a SϪ odor was applied but remained in the odor port to receive the reward when applying the tubing, or any combination of these with odor cues, an additional six animals were trained to discriminate the Sϩ odor (see Figures 1A2 and 1A3) . Hence, the position of the animal's head, when monitored with high between the AA ϩ EB mixtures (see Experimental Procedures). After task acquisition, the odor delivery lines temporal resolution, will directly reflect the reaction of the animal in response to the odor application. During were successively shifted to yet unused odor valves and bottles during the course of the experiment. None of the initial training phase ( Figure 2A2 , upper panel), individual Sϩ (green) or SϪ (red) trials display brief periods these manipulations affected performance ( Figure 1C ; performance before, 96.5% Ϯ 4.4%; after, 95.9% Ϯ of indecisiveness coincident with stimulus onset. After several hundred trials of training, animals showed consis-4.2%; p Ͼ 0.7; paired Student's t test; note the enlarged scale in comparison with Figure 1B and that SD rather tent behavior ( Figure 2A2 , lower panel). For a SϪ odor, no responses were required, reinforced, or punished; than SEM is plotted), suggesting that line-specific nonolfactory cues (clicking noise) or unintended olfactory nevertheless, mice well familiar with the paradigm al- 
Discrimination Times Critically Depend on Odor Similarity
Having established that odor discrimination in mice is rapid and highly accurate, we asked if DT depends on the extent of stimulus similarity as known from other sensory modalities. To control for changes in discrimination time due to general changes in performance, we trained six mice over a period of several months, alter- , raising the possibility that the rapidity of the discrimination process might partially be due to proacquired the procedural aspects of the discrimination training. This can be shown by alternating mixture and longed exposure to the particular odorants. To test this, we first trained naive mice to discriminate 1% cineol simple odor pairs only after completion of procedural training with a different odor pair (data not shown). Profrom 1% eugenol to establish the training paradigm (Figure 4A1 , brown). Subsequently, one set of mice was longed training does not alter performance levels and DTs significantly ( Figures 3B and 3C ). The intertrial intertrained on 1% AA versus 1% EB, and a second set was trained on binary mixtures (0.6% AA ϩ 0.4% EB versus val ( Figure 3D ) and lick frequency (data not shown), parameters reflecting the overall motivation and arousal 0.4% AA ϩ 0.6% EB). After only two blocks of 300 trials, discrimination times ( Figure 4B , black and red bars) were state of the animals, are indistinguishable over the course of the experiment. Thus, the differences in disvirtually identical (p Ͼ 0.3; unpaired Student's t test) to those seen in the animals trained for several months (cf. crimination time can not be explained by changes in motivation or activity levels of the animals. Increasing Figure 3B ). Repeating similar experiments with another set of animals confirmed the stability and reproducibility the total number of training trials for individual mixtures did also not influence discrimination times (data not of both the training profile and in particular the discrimination time measure (DT Simple ϭ 240 Ϯ 17 ms [mean Ϯ shown). In summary, DTs can be measured reliably over extended time periods and across different animals; SEM]; n ϭ 6; DT Mix ϭ 343 Ϯ 21 ms; n ϭ 5). As this training required a total exposure time to each odor of less than more time is required for the accurate discrimination of closely related binary mixtures than for pairs of different 10 min over a period of 2 days (300 trials for each odorant), fast odor discrimination is not a consequence of monomolecular odors, demonstrating stimulus dependence of DTs.
very extensive training. To obtain binary mixtures, each of the two odors had Odor Mixtures Activate Spatially Highly Overlapping Patterns in the OB to be diluted (0.2%/0.4%/0.6%/0.8% versus 1% for simple odor discrimination tasks). We thus tested whether of Trained Mice Our finding that successful discrimination of binary mixthe increased time needed to discriminate mixtures compared to the simple odors is due to the lower odor tures requires more time than discrimination of simple odor pairs suggests that the length of the DT may correconcentrations present or actually due to the qualitative similarity of the mixtures. Mice easily learned to discrimilate with the similarity between odor representations on the level of the OB. Odor representations in the OB nate 0.2% AA versus 0.2% EB and performed with maximal accuracy within 300 trials (Figure 4A1, gray) . DTs exhibit various degrees of overlap for chemically similar odors. It is hard to a priori predict the degree of overlap determined in this task were statistically indistinguishable (p Ͼ 0.2; unpaired Student's t test; n ϭ 6 versus 6) for different odor pairs. It is thus necessary to probe the intuitive notion of similarity by determining the similarity from those found with the standard concentration of 1% in the same experiment ( Figure 4B, gray and black bars) .
of the spatiotemporal pattern evoked by the odorants used in the behavioral experiment. To determine the This suggests that DTs are independent of odor concentrations in the relevant concentration range of 0.2% to degree of pattern overlap for AA and EB and their binary mixtures, we first generated odor maps by measuring 1%. Thus, increased DTs for the mixture discrimination are not due to reduced concentrations of the compoodor responses on the population level with intrinsic signal imaging. On the dorsal surface of the main OB, nents but are most likely due to the similarity of the mixtures.
several AA-and EB-specific glomeruli were found in trained mice (arrowheads in Figure 6A ) ioral experiments. A decreased correlation between odor-evoked patLimiting the analysis to tasks with performance accuracy higher than 80%, 90%, or 95% or measuring DT terns usually implies enhanced discriminability. In the case of small signals, low correlation can, however, also as the time to half maximal discrimination yielded the same increase in DT of about 80 ms. Similar increases be a result of large background noise levels that overshadow the evoked signals. Thus, correlations between were observed for other odor and mixture pairs (data not shown). Separating the mixture experiments further repeated presentations of the same stimuli were calculated ( Figure 6B, pink) . For the mixtures, correlation valinto "difficult mixtures" (0.4% ϩ 0.6% versus 0.6% ϩ 0.4%) and "simple mixtures" (less similar mixture pairs, ues decreased in a similar way for the repetition analysis as for the correlations between mixtures described see Experimental Procedures) resulted in a mean difference of the two populations of 50 ms (simple mixtures, above (ANOVA; F ϭ 0.37; p ϭ 0.54). Thus, we conclude that decreasing correlations observed when lower odor 325 Ϯ 50 ms; n ϭ 32; difficult mixtures, 376 Ϯ 56 ms; n ϭ 19; p Ͻ 0.05; Figure 5B ), indicating that the relationconcentrations were applied are due to reduced signalto-noise levels, implying that mixtures might have ship of speed and similarity also holds on finer scales. evoked highly similar spatial activity pattern also at the A major finding of our study is that discrimination time strongly depended on the similarity of the two stimuli lowest odor concentration. In summary, these results suggest that AA and EB produce more different patterns, presented. The similarity of stimuli was controlled by mixing two odors at different ratios and verified by comwhereas the binary mixtures show highly overlapping patterns, consistent with the hypothesis that the DT paring odor-evoked spatial maps using intrinsic signal imaging over a wide range of concentrations. Additionincreases with the extent of similarity in spatial patterns.
Drawbacks of intrinsic signal imaging are that the temally, the spatiotemporal domain of odor representations in the OB was examined with voltage-sensitive dye imporal domain of stimulus representation is largely neglected and that it is only an indirect measure of the aging, which provides a direct and fast optical measure of electrical activity. Both approaches revealed that the electrical activity. To assess the similarity of the odor representations on a fast timescale, we optically respatial pattern was different when individual odors, AA or EB, were applied, but highly similar when binary mixcorded odor-evoked electrical activity with the voltagesensitive dye RH1838. AA and EB each produced a distures of AA and EB were tested ( Figure 6 ). As both imaging methods are restricted to monitoring activity tinct spatial pattern with partial overlap when integrating over the first 400 ms of the odor response, whereas on the dorsal side of the OB, we chose the esters AA and EB, which primarily activated glomeruli in this region the binary mixtures produced highly overlapping maps ( Figure 6C) , consistent with the result obtained with in- (Xu et al., 2003) . We conclude that the binary mixtures were highly similar, because they evoked almost identitrinsic signal imaging. The degree of correlation between the responses to AA and EB varied between individual cal spatial patterns of activity in the OB. Our findings with VSD imaging allow us to extend this conclusion mice; however, the similarity of the odor-evoked spatial maps for the two mixtures is very high in all animals into the time domain: the mixtures generated highly similar time courses of activation in the OB ( Figure 6E ). examined ( Figure 6D ). In addition to differences in spatial patterns, the time courses of selected glomeruli are Differences that are clearly present in the stimuli and can be reliably resolved by the animal are therefore clearly different when single odors are used but hard to distinguish if binary mixtures are compared ( Figure 6E ). minimal on the population level of the OB as shown by optical imaging. They could potentially be hidden in Thus, an external observer examining the spatiotemporal dynamics of the odor representations on the dorsal correlations of the firing pattern of individual neurons that cannot be resolved even with fast VSD imaging OB indeed faces a much harder task in correctly discriminating the binary mixtures from each other than in doing
techniques.
The results demonstrate that the olfactory system reso with the simple odors. quires up to 100 ms more time to accurately discriminate highly similar stimuli compared to discriminating dissimDiscussion ilar stimuli. Similarity dependence of reaction times was observed in other sensory systems (Luce, 1986) and has Studying odor discrimination in mice using an olfactory been discussed in the context of olfactory psychophysconditioning task, we found that mice can discriminate ics in humans (reviewed in Slotnick, 1990) advantage, also very similar binary mixtures can be disfor example, to discern similar odors, an increased numtinguished with almost perfect accuracy, although ber of glomeruli is required for a sufficiently accurate requiring 70-100 ms longer than a simple discriminarepresentation, and thus discrimination will require addition task. tional time corresponding to the difference in onset laIn conclusion, in the mouse olfactory system discrimitencies of MCs belonging to strongly and weakly actination of highly similar odors is fast and critically devated glomeruli. Other possible explanations for the pends on odor similarity. These discrimination time meaincreased DTs for similar odorants might rely on central surements provide sensitive constraints for models of processes to either refine odor presentation or even olfactory function, suggesting that neuronal mechaintegrate information across multiple sniff cycles. nisms mediating discrimination must act within a time Our findings are in striking contrast to a recent report, frame of less than 200 ms after stimulus presentation. where reaction times of rats in an odor generalization A detailed and quantitative analysis of olfactory reaction task were reported to be similarity independent; accutimes, combined with genetic or pharmacological modiracy, however, dropped dramatically for more similar fications and rapid in vivo recordings will provide a odor pairs (Uchida and Mainen, 2003) . Only for the most means to further refine our understanding of information difficult task, the authors could find a small but signifiprocessing in the olfactory and other sensory systems. cant increase in discrimination time of Ͻ35 ms, although the performance of only 60%-65% casts doubt on .g., Figure 1C ). Odors were made up freshly for each task optimized to identify the shortest reaction time occurring in the (generally every day).
population of trials and is not affected by longer lasting events: first, Task Habituation Training analyzing animal performance in blocks of 100 to 300 trials reduces Beginning 1-3 days after the start of the water restriction schedule, the influence of variability such as potential variability in odor onset animals were trained using standard operant conditioning procerelative to the sniff cycle. Additionally, nonoptimal sniff cycle onsets dures. In a first pretraining step, each lick at the water delivery tube could result in a substantially delayed head retraction for a SϪ trial. was rewarded. After 20 licks, a second stage began in which head Nevertheless, the time of first crossing of the p ϭ 0.05 line (that is, insertion initiated a 2 s "odor" presentation during which a lick was the DT) will be delayed by only negligible amounts, provided that rewarded. The "odorant" used in the pretraining was the mineral oil the number of optimal or near-optimal sniff cycle onsets is suffiused for odor dilution. Essentially all animals learned this task within ciently large. Due to the reliable continuous sampling upon presen-1 day (two to three sessions of 30 min each). Animals that did not tation of a Sϩ stimulus, as few as 10 trials with a head retraction reliably insert their head into the odor port to initiate a trial were at a given time are sufficient to show a highly significant difference excluded from the analysis (ca. 5% of all animals).
in Figure 1C and Figure 2C ) is from this experiment. Herein, initially, animals perform worse and slower than during later of 2.7 liter/min, a tube diameter of 3 mm, and a distance of 7 cm, parts of the experiment when procedural aspects of the task are we estimate this time to be 12 ms. As the tube widens to a large fully acquired. From then on, performance and DTs are stable (1.7 cm diameter) glass "chimney" right in front of the sniff port, this across months. estimate is rather crude, more realistic estimates being presumably Experiment 2 substantially longer. We thus do not correct for any estimated odor To assess whether discrimination time differences were due to the traveling time and present the raw, unedited discrimination times reduced maximal concentration of an individual odorant (0.4% and throughout the paper. After the release of the DV, the odor is applied 0.6% in a 60/40 binary mixture task compared to 1% in the simple to the animal for 2 s ( Figure 1A2 and Figure 2A) . If the mouse continutask), naive mice were trained on 1% Cin versus 1% Eu for four ously licks at the lick port during this time (once in at least three blocks of 300 trials. Subsequently, group 1 (n ϭ 6) was trained on out of four 500 ms bins), it can receive 2-4 l water reward after the simple odor pair 1% AA versus 1% EB for two blocks of 300 the end of the 2 s period ( Figure 1A3 and Figure 2A) . If the animal trials, group 2 (n ϭ 6) was trained on the low concentration (0.2% does not continuously lick or if the presented odor was a SϪ odor AA versus 0.2% EB); and group 3 (n ϭ 4) was trained on the mixture (unrewarded), neither a reward nor any sort of punishment is given.
(0.6% AA ϩ 0.4% EB versus 0.4% AA ϩ 0.6% EB). No difference Trials are counted as correct if the animal licks continuously upon in performance was detected when the three groups were compared presentation of a Sϩ odor or does not lick continuously with a SϪ during any phase of the Cin/Eu training (p Ͼ 0.2 for each unpaired odor. A second trial cannot be initiated unless an intertrial interval Student's t test). To assess reproducibility and stability of the trainof at least 5 s has passed. This interval is sufficiently long so that ing paradigm and DT measurements, a similar experiment was reanimals typically retract quickly after the end of the trial. It also peated with 11 additional animals, 5 trained on the simple odor pair seemed to be sufficient, as no habituation could be observed (DT and 6 trained on the mixture (incorporated in Figure 1B ). was not correlated with the intertrial interval chosen by the animal).
Experiment 3 No minimal sampling time is required to not artificially enforce a
Due to difference in vapor pressure, it is possible that one odor is fixed reaction time potentially masking odor-related differences in prevalent in a binary mixture. Similar as in experiment 2 after Cin discrimination times.
versus Eu discrimination, six mice were trained on a concentration Odors are presented in a pseudorandomized scheme (no more difference task with the more volatile of the two esters (0.6% EB than two successive presentations of the same odor, equal numbers versus 0.4% EB), whereas six additional mice were trained on the within each block of 20 trials). No intrinsic preference toward any mixtures as group 3 above. Finally, both animal groups were trained of the odors was observed. Bias by odor preferences was generally on the same concentration difference task for AA that appeared to avoided by counterbalancing between animals. A total of 200 to 300 be at least as difficult to acquire as the EB concentration difference trials were performed each day separated into 30-40 min stretches task (data not shown). Again, no difference was observed during to ensure maximal motivation despite the mildness of the water the Cin/Eu training (p Ͼ 0.2). restriction scheme. Motivation was controlled by monitoring inStatistical Comparisons tertrial intervals (Figure 3) Figure  1A3 and Figures 2A2 and 2A3, green) , whereas upon presentation In Vivo Optical Imaging of a SϪ odor an animal familiar with the apparatus usually quickly Mice aged 10 to 15 weeks were anesthetized using Narcuren (65 mg/kg i.p.) or urethane (1.5 g/kg i.p.). Heart and respiration rate retracts its head ( Figure 1A3 and Figures 2A2 and 2A3, red) . The
